Preprint typeset using I4TgX style emulateapj v. 2/19/04 



HIGH-ENERGY EMISSION INDUCED BY ULTRA-HIGH-ENERGY PHOTONS AS A PROBE OF 
ULTRA-HIGH-ENERGY COSMIC-RAY ACCELERATORS EMBEDDED IN THE COSMIC WEB 
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ABSTRACT 

The photomeson production in ultra-high-energy cosmic -ray (UHECR) accelerators such as 7-ray bursts and 
active galaxies may lead to ultra-high-energy (UHE) 7-ray emission. We show that generation of UHE pairs in 
magnetized structured regions embedding the sources is inevitable, and accompanied > 0.1 TeV synchrotron 
emission provides an important probe of UHECR acceleration. It would especially be relevant for powerful 
transient sources, and synchrotron pair echoes may be detected by future CTA via coordinated search for 
transients of duration ~ 0. 1 — 1 yr for the structured regions with ~ Mpc. Detections will be useful for knowing 
structured extragalactic magnetic fields as well as properties of the sources. 

Subject headings: radiation mechanisms: non-thermal — gamma rays: general — cosmic rays 



1. INTRODUCTION 

The origin of ultra-high-energy cosmic rays (UHE- 
CRs) has been a big mystery in astropart icl e physics (see 
reviews, e.g.. iBhattachariee & Sigl 20001 : iDermer 20071 : 
iKotera & Olinto 201 lb . Despite recent observational 
progress by HiRes, the Pierre Auger Observatory (PAO) and 
the Telescop e Array, interpretatio ns of crucial information , 
anisotropv d Abraham et al. 20071: [A braham et al. 2010a; 
lAbbas i et al. 2010a; Abreu et al . 201 lh and c omposi- 
tion (lAbra ham et a l. 2010bt lAbbasi etal. 201 Obi) , have 
not been settled and differen t a rguments have been 
suggested (e.g., IDermer 20071: iGorbunov et al. 20081 ; 



Lemoi ne & Waxman 200^T iMurase & Takami 20091 : 

Zaw et al. 2009t iBiermann & de Souza 201 fl) . To iden- 



tify sources or accelerators and investigate their physical 
mechanisms, other messengers, high-energy 7 rays and 
neutrinos, should be important. Now, a km 3 neutrino detec- 
tor, IceCube, was completed, and Fermi and ground-based 
Cherenkov 7-ray detectors are operating. At TeV energies, 
the Cheren kov Telescope Array ( CTA) with much better 
sensitivities (ICTA Consort ium 2010), is being planned. 

Various candidates of the sources, including active 
galactic nuclei (AGN), 7-ray bursts (GRBs) and newly 
born magneta rs, have been suggested (see reviews, e.g., 
IDermer 2007t IKotera & Ol into 201 1. and references 
therein). Theoretically, E > 10 20 eV cosmic -ray ac- 
celerators must be powerful enough, and the magnetic 
luminosity of those relativistic outflow sources may sat- 
isfy U > 10 472 erg iT 1 (E-m/ZfT 2 dBlandford 20001: 
iFarrar & Gruzinov 20091 : iLemoine & W axman 2009), where 
E = 10 20 eV £20 and T = 10Ti is the outflow Lorentz 
factor. This is even the case if UHECRs mainly consist 
of protons, which tempts us to consi der transient sources 
like GRBs (ILemoine & Waxman 20091) . In the AGN case, 
flaring activities have the advantage in explaining that the 
power of correlating AGN se e ms insufficient to produce 
UHECRs (IDermer et al. 20091 : ILemoine & Waxman 20091: 
IZaw et al. 20091) . 

For charged cosmic rays, extragalactic magnetic 
fields (EGMFs) in structured regions embedding the 
sources and the Galactic magnetic field play crucial 
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roles in ca using deflections an d significant time de- 
lays (e.g.. iTakami et al. 20061: IKotera & Lemoine 20081 : 
IMurase & Takami 20091: IKotera & Olinto 201 lh . On the 
other hand, photons and neutrinos, which are generated in 
the sources, can be more beamed and coincident with their 
activities. For transients, due to the difficulty in revealing the 
sources with UHECRs, it is more favorable to detect photons 
and neutrinos. 

We study a characteristic signature of E p > 10 20 eV cosmic- 
ray accelerators. In powerful UHECR sources, one may ex- 
pect ultra-high-energy (UHE) 7 rays as well as neutrinos pro- 
duced via the pj reaction, which induce intergalactic cas- 
cades. We show that a significant energy fraction should 
appear as synchrotron emission in magnetized structured re- 
gions, and this synchrotron pair echo is a crucial probe espe- 
cially for powerful transients. 

2. PRODUCTION AND FATE OF UHE PHOTONS 

If cosmic rays are accelerated up to ultra-high ener- 
gies in GRBs and AGN, the pj reaction between protons 
and photons inside the source should lead to hadronic 
7 rays and neutrinos (e.g., IWaxman & Bahcall 1997 : 
i Rachen & Meszaros 1991 lAtovan & Dermer 200U 

Utovan & Dermer 20031; IMurase 20071 IMurase 2009T) . 
Their spectra are calculated given proton and target photon 
spectra, and we use a (broken) power-law photon spectrum 
which is expected in the electron synchrotron emission 
mechanism: dn/de oc e~ a . Here e is the target photon energy 
in the comoving frame of the outflow with T (while e D b ~ Te 
is the energy in the observer frame). For GRBs and AGN, 
a ~ 1 — 1.5 for e < e b and a ~ 2 for e > e b are observed as 
typical values, where e b is the break energy. Then, using the 
rectangular approximation, the eff ective optical depth for the 
P7 reaction is estimated to be (e.g.. | Waxman & Bahcal H997l : 
Rach en & Meszaros 19981; IMurase et al. 20081) 
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Fig. 1. — The interaction length (solid curves) and effective loss 
length (dotted-dashed curves) of high-energy photons for the pair 
creation process, the energy loss length of electron-positron pairs for 
the inverse-Compton process (dashed curves), and the synchrotron 
cooling length for Beg = 10 1 5 nG (dotted curve). Thick/thin curves 
represent cases without/with the CRB. 



sophisticated simulations sugges ted that filaments hav e 
B EG ~ a few x 10 nG dRyu et al. 2008t ICho & Ryu 20091) . 
In addition, magnetic fields with ~ 10 1-2 nG are ex- 
pected in haloes of old elliptical galaxies (/ ~ 1 - 3 Mpc) 
or magnetize d galactic winds from galaxies (/ ~ 0.5 - 
1 Mpc) (e.g., iFurlanetto & Loeb 200 It Bertone et al. 20061) . 
and small scale fields could be even stronger. In such 
magnetized regions, the synchrotron loss length, A syn ~ 
240 pc 7jj 3 5 B EG _ 7 5 , is much shorter than I and the inverse- 
Compton (IC) loss length, A™ - 6.7 Mpc 7e ,i3. 5 (10/[ln(5.8 x 
10 4 7e,i3.5)-2]) (in the Klein-Nishina regime), so UHE pairs 
are quickly depleted via synchrotron emission with typical en- 
ergies, 



s y ii 

Here j e = 10 13 - 5 7f . I3 . 5 



E syB ~ 0.37 TeV 7ei3.5 fi EG, 
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and B EG =10 G B E g-t.5- Noticing 
that the energy fraction of UHE photons converted into UHE 
pairs is ~ (1 -e~ l l x ~<~<), the intrinsic synchrotron fluence (or 
flux for a steady source) at E syn w Q .Q\(heB-EG / nfi e c )E p is es- 
timated to be 
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0.022 for typical high-luminosity (HL) GRBs with = 

10 51 ' 5 erg/s, e b ob = 500 keV, T = 10 25 and r = 10*' 
though the multi-pion production enhances f pi by a factor of 
~ 3 ([Murase 2007; Mura se 20081) . Hadronic 7 rays are gen- 
erated via 7T° — » 27, and their generation spectrum is roughly 
expressed as E 2 (j) £ea oc f pi E 2 ~ p oc E l+a ~ p thanks to 7r°'s short 

lifetime (t^o = 8.4 x 10~ 17 s). Then, cascades in the source 
happen at energies where 77 optical depth Tryry IS large. On the 
other hand, UHE photons may also escape from synchrotron 
sources (e.g., GRBs and high-peaked BL Lacs) due to syn- 
chrotron self-abs orption suppression below e^j in the target 
photon spectr um ([Razzaque et al. 2004; Li & Waxman 2007; 
Murase 200j| 2 . The escape fraction / esc is estimated by 
e - T it for the instantaneous emission from a thin shell or 
(1 - e~ T ii~) I in the emitting slab. The escape can be easie r 
when more detailed effects are included dGranot et al. 2 008). 

We hereafter consider such UHE photon sources. The typ- 
ical energy of 7 rays produced by the 777 reaction is E 1 ps 
10 19 eV E„ 70, so they c an provide evidence of UHECR ac- 
celeration (Murase 2009). They are cascaded (or attenuated) 
in intergalactic space due to interactions with the cosmic in- 
frared, microwave, and radio background (CIB/CMB/CRB). 
Their interaction length for 77 pair creation is A 77 ~ 
2.1 Mpc £ 7il9 (10/ln(4200£ 7 ,i 9 )) (see Figure 1), and UHE 
pairs with 7,, ~ 2 x 10 13 Z? 7i i9 are generated. 

Our Universe has the large scale structure and this inho- 
mogeneity is crucial for propagation and resulting cascades. 
Sources should be embedded in structured regions, filaments 
and galaxy clusters, whose scale is I ~ Mpc that is com- 
parable to the interaction length of UHE photons. Obser- 
vations suggest EGMFs with ~ /nG in cluster centers an d 
~ 0.1 /iG in cluster outskirts (e.g.. ICarilli & Taylor 2 002). 
Based on a physically motivated, turbulent dynamo model, 

2 The emission zone of UHE photons cannot be too strongly magne- 
tized to avoid I7 pair creation, i.e., (E-y/lFmeC^YB'^/BQ) < 1 (B' < 
2000 G r2.5£^ 1 19 ), implying sufficient large emission radii. For GRBs, it 
can be realized in afterglow, and prompt emission when the target photon 
field exists above the acceleration region of UHE protons (that is plausible). 



where = E 2 ^^ is the differential cosmic -ray energy 
cm input and d is the distance. The synchrotron spectrum of 



the structured region is roughly expressed as E 2 <j) oc £ (Q p ^ 2 
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The deflection angle, 

1 



(in the limit of 1 

0eg ~ V2X syn /V3r L ~ 3.5 x 10"* 7^3.5^,-7.5' is typically 
smaller than 6j, so high-energy emission is beamed. The time 
spread is crucial for transient sources, and from Eq. (2) we get 
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for / < A 77 , which suggests < yr transients at > 0.1 TeV. 

UHECRs themselves may leave the source, though 
details of the escape process are uncertain. They can 
also mak e synchrotron 7 rays in the structured re - 
gions dGabici & Aharonian 200l iKoteraetal. 201 lh . 
As recently studied, structured EGMFs cause 
significant deflections and time delays (e.g., 
iTakami et al. 2006t iTakami & Murase 201 lh . The deflection 

0.044B EG ,_ 8 (Aco//) 1/2 W £ ;,20 
10 nG in fila- 



angle is 6> C r « \/2lA C0 /3r L 
for vol ume-averaged fi elds of B-pm 
ments dRvu et al. 2008t ICho & Ryu 20091) . and the time 
spread due to the EGMF around the source, 
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1.6 x 10 3 yrB 2 
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g(A co //)/ 
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is much longer than A?eg, where A co is the coherent length of 
structur ed EGMFs. Eq. (5) also agrees with numerical calcu- 
lations (ITakami & Murase 201 lh . Note that, though the vol- 
ume filling factor is uncertain, such EGMFs imply effective 

fields of B e ff Ag/ f 2 ^0.3 nG Mpc 1 / 2 , co nsistent with upper lim- 
its from the Faraday rota tion measure dKotera & O linto 2011; 
ITakami & Murase 201 lb . The total time spread A7cr can 
be longe r due to the void EGMF and intervening structured 
EGMFs (ITakami & Murase 201 lh . 

We are mainly interested in emissions from the structured 
regions, but emission may also come from the void region in 
which the EGM F is weaker and then the IC cascade will be 
developed (e.g., Murase et al. 2009t iNeronov & Vovk 2010t 
lEssev et al. 201 lh . Note that recent Fermi-era limits on 
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Fig. 2. — 7-ray energy fluxes from structured regions embedding 
a steady AGN-like source at z = 0.15, with an injection spectrum 

L 1 = lO 44 ' 2 erg/s (E / 'E™**?" x e E t ' /E e - E ' E T , where £™ x = 10 195 eV 
and E™ n = 10 18 5 eV. Here the jet opening angle 9j =0.1 is also 
used. Thick/thin solid, dashed and dotted curves represent cases af- 
ter/before 77 attenuation in the void region. 



the void EGMF dEssev et al. 201 lh do not contradict much 
stronger EGMFs exp ected in clusters and filaments (e.g., 
iKotera & Olinto 2011b . For cascaded pairs in the Thomson 
regime, the IC loss length is Aic — 72 kpc 7J7 and upscattered 

CMB photons have £ IC « (4/3)7 2 £ C mb ^ 88 GeV 7 2 7 . The 

deflection angle is #igv ~ V2\\c/V3r L ~ l.l7jyBiGv,-i3> so 
the IC cascade emission in voids is diluted unless the EGMF 
is weak enough. The EGMF dependence is more crucial for 
transients. Noticing the effecti ve loss length of UHE pho - 
tons, Xf 7 ~ 47 Mpc £ 7 . I9 dBhattachariee & Sigl 2000h . 
one roughly obtains Aficv ~ #jGv( A 7 f 7 /2 c ) — 7.1 x 
10 6 yr £ , ic 2 ii.5 S iGV-i3 A 77,50Mpc implying that such an 
IC pair echo is irrelevant if £?igv ^ 10~ 16 ' 5 G, similarly to 
cases for primary multi-TeV photons. 

3. RESULTS OF CASCADE 7-RAY SPECTRA 

To calculate high-energy emission produced in intergalactic 
space, we solve Boltzmann equations in which 77 pair cre- 
ation, synchrotron and IC emissi ons and adiabatic loss due 
to cosmic exp a nsion are in cluded (|Bhattachariee & Sig l 2000l: 
Murase2009; iLee 19981) . The energy and number con- 
servation was monitored, and we focus on beamed emis- 
sions with 0EG(7e) < dj. Based on observations and 
simulations dFurlanetto & Loeb 200H; ICarilli & Taylor 20021: 
iBertone et al. 2006URvu e t al. 2008T lCho & Ryu 20091) . aski 
Takami & Murase (2011), we consider structured regions of 
/ = 2 Mpc, with B EO = 10 1 5 nG (filament) or B EG = 10" 5 ^G 
(galaxy cluster). For the CIB, we use the low-IR model given 
by Kneiske et al. (2004). For the uncertain CRB, we take 
the high CRB model in Protheroe & Biermann (1996), but we 
also consider cases without the CRB. 

First, to see basic features of the emission from structured 
regions, we consider a steady source using an analytical in- 
jection spectrum (see Figure 2). This case corresponds to 
an AGN with L CR = 10 46 ' 5 erg/s, f pl = 0M(E p /E™ x f 5 and 
£max _ iq 2 0-5 e y Q ne sees ,-jjat numerical spectra are consis- 
tent with analytical expectations, and the synchrotron emis- 



sion from the structured regions is seen at ~ (0.1 - 1) TeV. 
Also, our results are not very sensitive to the CRB unless 
£max ^ j q20.5 g y Note ^ ^ Te y ermss i on j s observed as 

a point source since /#eg d (while the almost steady and 
unbeamed, synchrotron pair halo emission could be expected 
at < GeV). 

Next, we take GRBs as examples of transient sources. 
For steady sources, the emission may be contaminated by 
other emissions from the source and runaway UHECRs, 
whereas it makes a unique signal for transients owing to 
ST -C AfEG *C AfcR, where ST is the source duration. To 
evaluate f pl accurately and discuss detectability in more de- 
tail, we here calculate primary spectra of pionic 7 rays leav- 
ing the source using a detailed num erical code for the p*y re- 
action (Murase 2007; Murase 2008), where spectra of gener- 
ated and runaway 7 ray s are obtained , taking account of t 77 
in the emission region (Mura se~2009l) . Calculations are first 
executed in the comoving frame, and then transformed to re- 
sults in the observer frame. We assume the E~ 2 spectrum of 
protons escaping from the acceleration zone, with given £'™ ax 
(that is limited by f acc < f coo i and fd yn < ? CO oi for the parameter 
of the acceleration region, £g a = Lb/L 7 ~ 1). 

In Figure 3, we show energy fluences of 7 rays for £^ = 
10 53 erg (which is consistent with the UHECR energy bud- 
get E 2 p %f ~ 10 44 erg Mpc" 3 yr" 1 and the local HL GRB 

rate p ~ 1 Gpc~ 3 yr" 1 ; Liang et al. 2007), with different 
strengths of the structured EGMF. Using AfEG(7 c ;£ 7 ) = (1 + 
z)(l -cos^eg) min(//c, A 77 /c), we also calculate fluences of 
7 rays received in 1 yr, and we obtain E 2 cj) - 10" 2 5 GeV cm 
in the TeV range. The fluxes averaged over 1 yr are ~ 
10" 10 GeV cm s (and fluxes at earlier times are larger, ~ 
10~ 9 ' 5 GeV cm" 2 s" 1 at 0.1 yr after the burst, and intrinsically 
harder), while the CTA sensitivity for integration time of 50 hr 
is - 10" 10 5 GeV cm" 2 s" 1 at - TeV dCTA Consortium 201 Oh . 
so synchrotron pair echoes from HL GRBs at z < 0.3-0.4 
are detectable with follow-up observations. The High Alti- 
tude Water Cherenkov experiment (HAWC) has lower sen- 
sitivity (~2x 10" 9 GeV cm s for one-year observa- 
tion) but will also be helpful for closer bursts. The re- 
sults agree with analytical estimates, and higher-energy 7 
rays have shorter time spreads while ~ GeV 7 rays can- 
not be observed by Fermi because they are suppressed by 
long time delays. Note that prompt emission from the source 
ceases after ST ~ 10 1 " 2 s, whereas almost steady synchrotron 
emission induced by UHECRs escaping from the source is 
negligible since its flux ratio to the UHE-photon-induced 
synchrotron emission is < /^ 7 (//A P7 )(AfEG/AfcR) ~ 3 x 

10" 5 i^ ) _ 1 /Mpc(A?EG,0.3yr/A?CR,I £y r) (at ~ 0.3 TeV) for 
UHECR production with ST < At EG . Here X P7 ~ 100 Mpc is 

the energy loss length of ~ 10 20 eV protons. 

As suggested in Murase et al. (2006), low-luminosity (LL) 
GRBs such as GRB 060218 (d - 140 Mpc) and GRB 980425 
(d ~ 40 Mpc) may be more important as local UHECR 
sources , since they are d immer but more common than HL 
GRBs dLiang et al. 20 07). In Figure 4, we show 7-ray flu- 
ences for = 10 °' 5 erg (implied by their local rate, p ~ 
lO 2 5 Gpc" 3 yr" 1 ; Liang et al. 2007). Expected fluences 
for a burst at 20 Mpc (e.g., in the Virgo cluster) are E 2 (j> ~ 
10~ 2 ' 5 GeV cm" 2 , so the synchrotron signal can be seen by 
CTA for nearby bursts as in the case shown in Figure 3. 
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Fig. 3. — 7-ray energy fluences from structured regions embedding 
a HL GRB at z = 0.15. The parameters of the emission region are: 
L* = 10 51 5 erg/s, T = 10 2 5 , r = 10 14 5 cm, e h ob = 500 keV, a = 1 and 



2.2, 



10 eV, and Et 



Thick curves stand 



for contributions received in 1 yr, while thin curves for total energy 
fluences of beamed emissions. The CRB is included. 
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Fig. 4. — 7-ray fluences from a structured region (B EG = 10 L5 nG) 
embedding a LL GRB at d = 20 Mpc. The parameters of the emis- 
sion region are: L* = 10 48 erg/s, F = 10 1 5 , r = 10 15 cm, e^b = 10 keV, 
a = 1 and 2.2, eg, = 10" 1 eV, and £™ x = 10 202 eV are used (c.f. 



M urase 20 09). Thick/thin solid, dashed and dotted curves represent 
cases without/with the CRB. Possible components of 7 rays cas- 
caded in the void region are also shown. 



We have considered that 7 rays are attenuated in voids. 
This is reasonable for GeV-TeV 7 rays from transients, since 
some lower limits (ffiq v < 10~ 16 G) are strong enough (e.g., 
iNeronov & Vovk 20101) (and strong B e ff seems favored for 
HL GRBs to be UHECR sources; Murase & Takami 2009), 
or the IC emission may be suppressed by isotropization via 
plasma instabilities. But, we show the IC cascade for gen- 
erality. Its flux ratio in the TeV range is ~ A?eg/AJigv, 
so the IC pair echo from the void region can be impor- 
tant if Bigv < 10" 16 5 G. Also, the IC pair echo induced by 
runaway UHECRs is less significant, since its flux ratio to 
the UHE -photon-induced synchrotron pair echo is at most < 

.0.3 yr/ArcR^yi) (de- 
pending on the uncertain escaping fraction and beaming of 



UHECRs), which will even be smaller when B IGV > 10 15 G. 

Note that time spread of cascade UHE photons 
is much shorter, Af™ w (Af/3)(\f^X co d/lSr 2 L c) ~ 
11 s Aft^:\^(B^ r _,^X mMn c)d7o Mnr, where TV — 



s A/^7^ ' I3 5 (B[ GV _ 15 A CO! Mpc)^20 Mpc, 

d/{X~,~, + Aic), so they may be detected for nearby tran- 
sient sources (Murase 2009). (The diffuse UHE photon 
background is dominated by cosmogenic UHE photons pro- 
duced by runaway UHECRs, due to f pl < 1, and consistent 
with the PAO limits.) Results are also shown in Figure 4, 
taking account of escape from the structured region (while 
Murase 2009 simply assumed that ~ 1/2 of 7 rays are lost). 
UHE photons and accompanied UHE pairs may pass another 
structured region, including the local supercluster, and/or 
our Galaxy, where we expect further synchrotron pair echo 
emission, which enhances detectability. 

4. IMPLICATIONS AND DISCUSSIONS 

We studied effects of the magnetized environment embed- 
ding UHECR accelerators, and then showed that UHE photon 
beams inevitably lead to synchrotron emission. In particular, 
any UHE 7-ray burst or flare should produce a characteris- 
tic echo with Af E G ~ 0.1 — 1 yr x min[Z M pc, A 77i m P c] <^ A?cr 
in the TeV range, from the immediate environment, galaxy 
groups and clusters, filaments, and all corresponding sites sur- 
rounding the source. Note that our results are conservative in 
that the fluxes can be higher if 7 rays are attenuated by pos- 
sible additional photon fields in the immediate environment. 
The signal is detectable by future HAWC and CTA. For the 
echo, observations with other wavelengths and messengers 
are relevant to trigger coordinated search (especially for CTA) 
and estimate source parameters. Then detecting a 0.1 - 1 yr 
transient in the TeV range may suggest the accelerator in the 
magnetized regions with I > Mpc. Observing synchrotron 
spectra and light curves can also provide invaluable informa- 
tion on the EGMFs as well as properties of the sources. Im- 
portantly, the signal is useful to identify distant extragalactic 
accelerators beyond ^100 Mpc, and it will favor powerful 
E p > 10 20 eV proton accelerators over heavy ion sources (e.g . , 
iGorbunov et al. 20081: Purase et al. 200llWang et al. 2008k . 
It is possible to consider the Galactic transient origin for 
heavy nuclei around 10 EeV, but th e emissions from their ex- 
tragalactic counterparts are weak (ICalvez et al. 20ldh . 

Synchrotron pair echo emission induced by runaway UHE 
photons from transients becomes more prominent than other 
emissions, after ST (for source emission including hadronic 
and leptonic 7 rays), since A?eg is shorter than A?cr (for 
synchrotron emission induced by runaway UHECRs). It 
is applicable to UHECR production associated with AGN 
flares (ST ~ 10 4-5 s), GRB prompt emission and afterglows. 
Though GRB afterglow emission may last longer, its flux de- 
clines with time as oc t~ l 2 after ~ 10 3 s and oc f" 2 2 after the 
jet break time of ~ day (Zhang 2007), so the pair echo can 
be dominant and the temporal behaviors are distinguishable. 
For steady sources, discrimination would be harder, but the 
source emission will be more variable and the almost steady 
UHECR-induced emission may be less relevant if most UHE- 
CRs are isotropized or cooled before they escape. 

Discriminating between the synchrotron and IC pair echoes 
would also be possible. The synchrotron spectrum typically 
has E 2 6 oc E<«- 2 >/ 2 as distinct from the hard IC cascade spec- 
trum (see Figure 4), E 2 (f> ccE 1 / 2 for E < 10 TeV Zi 2 ut 14 (where 
E cM is the cutoff by the CMB or CIB). Also, Af EG is generally 
different from Aficv- 
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